Abstract-In this article, we consider an energy-harvesting (EH) relay system consisting of a source, a destination, and multiple EH decode-and-forward (DF) relays that can harvest the energy from their received radio signals. A power-splitting ratio is employed at an EH DF relay to characterize a tradeoff between the energy used for decoding the source signal received at the relay and the remaining energy harvested for retransmitting the decode outcome. We propose an optimal power-splitting-based relay selection (OPS-RS) framework and also consider the conventional equal power-splitting-based relay selection (EPS-RS) for comparison purposes. We derive closed-form expressions of outage probability for both the OPS-RS and EPS-RS schemes and characterize their diversity gains through an asymptotic outage analysis in the high signal-to-noise ratio region. We further examine an extension of our OPS-RS framework to an EH battery (EHB)-enabled cooperative relay scenario, where the EH relays are equipped with batteries used to store their harvested energies. We propose an amplify-and-forward (AF)-based EHB-OPS-RS scheme and a DF-based EHB-OPS-RS scheme for AF and DF relay networks, respectively. Numerical results show that the proposed OPS-RS always outperforms EPS-RS in terms of outage probability. Moreover, the outage probabilities of the AFand DF-based EHB-OPS-RS schemes are much smaller than that of the OPS-RS and EPS-RS methods, demonstrating the benefit of exploiting the batteries in EH relays. Additionally, the DF-based EHB-OPS-RS substantially outperforms the AFbased EHB-OPS-RS and such an outage advantage becomes more significant, as the number of EH relays increases.
I. INTRODUCTION
W IRELESS cooperative communications have attracted tremendous research attention in recent years [1] - [5] , where a user terminal first transmits a source signal to a cooperative partner which then relays its received signal to the desired destination. As shown in [6] and [7] , there are two basic relaying protocols, namely, the amplify-andforward (AF) and decode-and-forward (DF). Generally, AF allows the relay to simply retransmit a scaled version of its received noisy signal without any sort of decoding, which has an advantage of simple implementation, but suffers from a noise propagation issue. In contrast, in the DF protocol, the relay needs to decode the noisy source signal first and retransmits its correctly decoded outcome to the destination, which can alleviate the noise propagation problem at the cost of computational complexity and latency. It is generally recognized that cooperative relay communications relying on either AF or DF is capable of improving the network coverage and transmission reliability in wireless fading environments [8] .
Considering multiple relays available in wireless networks, one may exploit all of them to simultaneously forward their received source signals over a single channel with the aid of beamforming, also termed as cooperative relay beamforming [9] - [11] . Although such a cooperative beamforming technique can significantly improve the wireless throughput, it requires complex symbol-level relay synchronization for the sake of mitigating intersymbol interference among spatially distributed relays. Alternatively, multiple relays may be considered to retransmit their received source signals over orthogonal channels to avoid the complex relay synchronization [12] - [14] , which however sacrifices multiplexing gain and reduces spectral utilization, since more orthogonal channel resources are consumed with an increasing number of relays. To this end, opportunistic relay selection as a promising means of efficiently utilizing multiple relays has been studied extensively in [15] - [17] , where the single best relay is chosen to retransmit the source signal and thus only one orthogonal channel is required for the best-relay retransmission regardless of the number of relays. It has been shown in [15] - [17] that the best-relay selection approach can achieve the same full diversity as the aforementioned cooperative relay methods [10] - [14] .
Typically, wireless terminals are powered by rechargeable batteries with limited energy capacity. As an alternative, energy harvesting (EH) is emerging as an effective means of enabling wireless devices to capture energy from their surrounding environments, such as the solar energy, wind energy, and radio frequency (RF) energy, which is attractive to machine-to-machine (M2M) communications [18] - [20] in IoT networks [21] - [25] , since IoT sensors and devices are generally powered by energy-limited batteries without constant power supply. In [26] , simultaneous wireless information and 2327-4662 c 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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power transfer (SWIPT) was investigated and two SWIPT protocols were proposed, namely, the time switching (TS) and PS protocols. To be specific, the PS protocol considers the use of a power splitter (PS) to separate a received RF signal into two parts for the EH and signal decoding, respectively. In contrast, in the TS protocol, the received RF signal is divided into two components in time domain [27] . Moreover, Wang et al. [28] studied the impact of a nonlinear EH model on the achievable rate region of RF-powered two-way communication systems.
A. Related Works and Motivation
Recently, an increasing research attention has been paid to the combination of EH with cooperative relays [29] - [35] . More specifically, in [29] , a tradeoff between the energy relaying (ER) and information relaying (IR) was investigated for the sake of maximizing the delay-limited throughput of RF-powered wireless networks. Li et al. [30] studied wireless transmissions with the help of a single EH relay and derived a closed-form outage probability expression for the EH relay-aided cooperative transmissions over Rayleigh fading channels. Later, in [31] , an interior point penalty function-based EH relay selection algorithm was presented for a multiple EH relay network. Do et al. [32] derived the closed-form outage probability expressions of relay selection for cooperative EH DF relay networks with a fixed powersplitting (PS) factor. Differing from the DF protocol used in [32] , Wang et al. [33] , [34] considered the AF strategy for EH relays and proposed various EH relay selection schemes to improve the outage performance of EH AF relay networks. Additionally, an extension of the EH relay selection to multiantenna multirelay systems was investigated in [35] , where a joint relay-and-antenna selection scheme is proposed to enhance the transmission throughput and reduce the outage probability.
In addition to the aforementioned EH relay selection work [29] - [35] , there are also some research efforts devoted to exploring power allocation for EH relay systems [36] - [39] . For example, Huang and Ansari [36] studied the power allocation for a cooperative DF relay network in which the source node is assumed to have a limited energy storage and can harvest power from its surrounding RF signals. Ding et al. [37] considered a cooperative EH relay network consisting of multiple source-destination pairs with the assistance of an EH relay and an auction-based power allocation scheme was proposed to address the harvested energy distribution among the multiple source nodes. Moreover, in [38] , dynamic programming was exploited for the optimal power allocation of wireless EH communications in terms of minimizing the outage probability. Besides, Yao et al. [39] considered an EH relay network consisting of a source, an EH relay, and a destination, where the source transmits its confidential information to the relay, while the destination sends an interference signal to prevent the relay from decoding the source message. The optimal power allocation between the source and destination was investigated to maximize the secrecy rate of source-destination transmissions.
It needs to be pointed out that the aforementioned efforts [29] - [39] have separately investigated either the relay selection or power allocation for EH relay systems. Presently, only a small amount of attention has been paid to the joint relay selection and resource allocation for EH cooperative networks [40] , [41] . Specifically, Deep et al. [40] formulated a sum-rate maximization problem under the constraints of total transmit power and harvested energy for a two-way AF relay network, for which an optimal resource allocation and relay selection scheme is proposed. Moreover, the geometric programming and binary particle swarm optimization were exploited in [41] to address the joint optimization of relay selection and PS for an EH-based two-way AF relaying system. Different from the AF protocol considered in [40] and [41] , we explore the joint PS and relay selection for a cooperative EH DF relay network consisting of a source, a destination, and multiple DF relays that are capable of harvesting energies from their surrounding RF environments. A PS is assumed at each EH relay to divide its received RF signal into two separate parts for the information decoding and relaying, respectively, where a PS ratio (PSR) is defined as the ratio of a harvested energy for the IR to the total RF energy received at the relay.
The main contributions of this article can be summarized as follows. First, we propose an optimal PS-based relay selection (OPS-RS) framework for cooperative EH DF relay systems, which is different from [40] and [41] , where the AF protocol was considered for the joint PS and relay selection design. This also differs from [32] where only the relay selection was studied for EH DF relay networks without the optimization of PS. Typically, a higher PSR means that more harvested energy is used to transmit the decoded outcome of a source signal, which, however, results in less energy left at a DF relay to decode the source signal along with more decoding errors occurred, implying a tradeoff between the transmission energy and decoding energy. Second, we derive the closed-form expressions of the outage probability for both the proposed OPS-RS and conventional equal PS-based relay selection (EPS-RS). Third, the diversity gains of both OPS-RS and EPS-RS are characterized through an asymptotic outage probability analysis in the high signal-to-noise ratio (SNR) region. Finally, we examine an extension of our OPS-RS framework to an EH battery (EHB)-enabled cooperative relay scenario and propose an AF-based EHB-OPS-RS and a DFbased EHB-OPS-RS schemes for AF and DF relay networks, respectively.
The rest of this article is organized as follows. In Section II, we describe the system model of a cooperative EH relay network. Section III presents the OPS-RS and EPS-RS as well as their outage probability analysis. In Section IV, the diversity analysis of OPS-RS and EPS-RS is carried out. Next, an extension of our OPS-RS framework to an EHB-enabled cooperative relay scenario is considered in Section V, where an AF and a DF-based EHB-OPS-RS schemes are proposed for AF and DF relay networks, respectively. Section VI provides some numerical outage probability results of the OPS-RS, EPS-RS, as well as the AF-and DF-based EHB-OPS-RS schemes. Finally, Section VII gives some concluding remarks. 
II. SYSTEM MODEL
As shown in Fig. 1 , we consider an EH relay system consisting of a source (S), a destination (D), and N separate EH relay nodes denoted by Ri, i ∈ {1, 2, . . . , N} each equipped with a single antenna, where the destination is out of the transmit coverage of source node and an EH relay is opportunistically chosen to assist the source-destination transmission. Notice that all the relays are assumed to harvest energies from their received source signals without stable power supply. Moreover, the EH relays can be either dedicated nodes deployed for helping the source transmit to the destination or peer nodes that assist the source-destination transmission and obtain incentives in terms of energy and spectrum resources. Fig. 2 shows a block diagram for an EH relay R i , where a received source signal is first divided with a PS into two separate parts, which are, respectively, fed to the signal decoder for decoding the source message and the energy harvester for supplying the power of subsequent IR module. It can be observed that compared to the TS strategy, the PS protocol consumes no extra time resources, which is thus used throughout this article. Although only the PS protocol is considered, similar performance analysis and results could be obtained for the TS protocol.
Without loss of generality, let P and R denote the transmit power and data rate of the source node, respectively. The PSR of EH relay R i is represented by ρ i (0 ≤ ρ i ≤ 1), which is defined as the ratio of the energy harvested for the IR to the total energy received at the relay R i . The remaining fraction 1 − ρ i of the total received energy is used for the information decoder. Moreover, the fading coefficients of the channel from the source to EH relay R i and that from R i to destination are denoted by h si and h id , respectively. In addition, a zero-mean additive white Gaussian noise (AWGN) with a variance of N 0 is assumed at any receiver of Fig. 1 .
Following the existing literature on EH communications (e.g., [26] and [32] - [34] ), the Rayleigh fading is used to model the fading coefficients of h si and h id . Although the Rayleigh fading is used in this article, similar outage probability analysis can be obtained for other fading models (e.g., Rician fading) by simply modeling h si and h id with the corresponding probability density function instead (e.g., Rician distribution). Accordingly, one can readily obtain that |h si | 2 and |h id | 2 follow exponential distributions, whose probability distribution functions can be expressed as
and
where σ 2 si and σ 2 id are the means of random variables |h si | 2 and |h id | 2 , respectively.
Considering that the source node broadcasts its signal x s (E(|x s | 2 ) = 1) with a transmit power of P to the N EH relays, we can express the signal received at an EH relay Ri as
where n si is a zero-mean AWGN with a variance of N0 encountered at the EH relay Ri. As aforementioned, the relay Ri first divides its received signal with a PS into two separate components for the information decoder and energy harvester, respectively. To be specific, a fraction ρ i of the total received energy is allocated for the energy harvester to supply the power of the IR module and the remaining fraction 1 − ρ i is used for the information decoder to decode the source message. As a consequence, the energy collected at the energy harvester of relay R i can be obtained from (3) as
where η is a conversion efficiency of the energy harvester and T represents the duration of a time slot. Following the existing literature on EH communications [26] - [41] , we consider the use of a linear EH model with the perfect channel state information (CSI) available, as given by (4) . Although a nonlinear EH model proposed in [42] is more general in practice, it is analytically untractable as discussed in [43] . To this end, the linear EH model is often assumed along with the perfect CSI available for the purpose of tractability, which has been widely adopted in [26] - [41] and [43] . It is indeed interesting to explore an extension to a general scenario with the CSI errors and nonlinear EH model, which is out of the scope of this article and considered for future work. Hence, the transmit power used in the IR module of relay Ri during the following time slot with a duration of T can be expressed as
As mentioned above, the relay R i utilizes the remaining fraction 1−ρ i of the total received energy for decoding the source message x s . Noting that the remaining part of the received signal y si is directly employed for decoding x s without the energy conversion, we thus express the received signal power for information decoder at the relay R i as
from which the received SNR at the relay Ri is obtained as
where γ = P/N 0 . From (7), the channel capacity from the source to relay Ri can be given by
Next, among the N EH relays, an EH relay that succeeds in decoding the source message x s is opportunistically chosen to forward its decode result in another time slot. Without loss of generality, let us consider that the EH relay R i succeeding in decoding x s is selected to forward the source message to the destination with a transmit power of P i t as given by (5). Thus, the corresponding received signal at the destination is written as
where n id is a zero-mean AWGN with a variance of N0 encountered at the destination. From (9), we can readily obtain the received SNR at the destination as
from which the channel capacity from the relay Ri and destination is given by
Following existing literature on DF relaying transmissions [1] - [3] , an overall channel capacity from the source to destination via a relay is given by the minimum of the channel capacity from source to relay and that from relay to destination. Hence, using (8) and (11), the overall channel capacity from the source via an EH relay R i to destination can be expressed as
which completes the system model of EH relay transmissions with the DF protocol.
III. JOINT POWER SPLITTING AND RELAY SELECTION
In this section, we first propose the OPS-RS scheme for cooperative EH relay networks. For comparison purposes, the traditional EPS-RS is also considered as a baseline. Closedform outage probability expressions are derived for the EPS-RS and OPS-RS schemes over Rayleigh fading channels.
A. EPS-RS Scheme
This section presents the conventional EPS-RS scheme as a benchmark. As aforementioned, the source first transmits its signal x s to the EH relays which then divide their received radio signals with a power splitter into two separate components for the energy harvester and information decoder, respectively. As implied in the name, the EPS-RS scheme allows an EH relay to divide the total energy of its received signal into two equal parts, i.e., the PSR of each EH relay is given by ρ EPS i = 1/2 for the EPS-RS scheme. In other words, one half of the total received power is used for the energy harvester and the remaining power is used for the information decoder. Substituting ρ EPS i = 1/2 into (8), we can obtain the channel capacity from the source to EH relay Ri for the EPS-RS scheme as
Similarly, given ρ EPS i = 1/2, the channel capacity from the EH relay Ri to destination for the EPS-RS scheme can be obtained from (11) as
From (12)- (14), we can obtain an overall channel capacity from the source via an EH relay R i to destination for the EPS-RS scheme as
where C EPS si and C EPS id are given by (13) and (14), respectively. Typically, an EH relay that maximizes the overall channel capacity from the source to destination is opportunistically selected to assist the source-destination transmission. Therefore, from (15) , an opportunistic relay selection criterion can be written as
where R EPS b denotes the best EH relay selected by the EPS-RS scheme. According to (16) , the overall channel capacity from the source to destination for the EPS-RS scheme is given by
In what follows, we present an outage probability analysis for the conventional EPS-RS scheme. As is known, an outage event happens when the channel capacity falls below a predefined data rate. Thus, the probability of occurrence of an outage event (also called outage probability) for the conventional EPS-RS scheme is obtained as
where R denotes the data rate of source-destination transmissions. Substituting C EPS sd from (17) into (18) and noting that C EPS sid for different relays (i = 1, 2, . . . , N) are independent of each other, we have
where α = 2(2 2R −1)/(γ η) and β = 2(2 2R −1)/γ . Noting that |h si | 2 and |h id | 2 are independent exponentially distributed with respective means of σ 2 si and σ 2 id , and denoting |h si | 2 = X and |h id | 2 = Y, we can rewrite the term i of (19) as
Using the Maclaurin series expansion, we have
Combining (20) and (21), we arrive at
where
/t]dt is known as the exponential integral function and i,u is given by
Finally, substituting i from (22) into (19) yields
which gives a closed-form expression of outage probability for the EPS-RS scheme. It needs to be pointed out that an infinite series is involved in (23) due to the use of the Maclaurin series expansion as given by (21) , which can be converged quickly after a few iterations of u.
B. OPS-RS Scheme
In this section, we propose the OPS-RS scheme and derive its closed-form outage probability over Rayleigh fading channels. In the proposed OPS-RS scheme, the source first broadcasts its message x s to N EH relays which then perform an optimal PS for the sake of maximizing the overall channel capacity from source to destination. Finally, an EH relay with an optimized PS that has the highest overall channel capacity is chosen to assist the source transmission to destination. This differs from the conventional EPS-RS approach, where the total energy received at an EH relay is simply divided into two equal parts. Without loss of generality, let us consider that the source transmits its signal to the destination via an EH relay R i with a PSR ρ i . Hence, from (12) , an optimal PSR ρ OPS i for maximizing the overall channel capacity from source via R i to destination can be obtained as
where C si and C id are given by (8) and (11), respectively.
Combining (8), (11), and (24), we can further obtain
It can be observed from (25) 
which, in turn, leads to
Substituting the optimal PSR ρ OPS i from (27) into (12), we can obtain an overall channel capacity from the source to destination via EH relay R i with an optimized power splitter for the OPS-RS scheme as
In the OPS-RS scheme, an EH relay having the highest overall channel capacity of C OPS sid is chosen to forward the source message to destination. Hence, using (28), we can obtain a relay selection criterion for the OPS-RS scheme as
where R OPS b denotes the best EH relay selected by the OPS-RS scheme. As shown in (27) and (29), the channel fading amplitudes of |h si | 2 and |h id | 2 are needed at an EH relay R i to perform the optimization of PSR ρ i and relay selection. It is pointed out that the fading amplitude of |h si | 2 may be obtained at the relay R i through channel estimation. Moreover, the destination can estimate the fading amplitude of |h id | 2 and then feed it back to the relay R i . In addition, a distributed relay selection framework can be implemented at the separate EH relays. More specifically, each EH relay maintains a timer whose initial value is set in inverse proportional to the term |h si | 2 |h id | 2 /(1 + η|h id | 2 ) as given by (29) . In this way, the EH relay with the smallest initial value becomes the best relay node, which exhausts its timer earliest and then broadcasts a control packet to notify the source, destination, and other EH relays [15] . From (29) , the overall source-destination channel capacity for the OPS-RS scheme is given by (30) where C OPS sid is given by (28) . The following presents an outage probability analysis for the proposed OPS-RS scheme. As discussed, an outage event occurs when the channel capacity of the proposed OPS-RS scheme C OPS sd drops below a predefined data rate R. Hence, using (30) and noting that C OPS sid for different relays (i = 1, 2, . . . , N) are independent of each other, we can obtain an outage probability of the OPS-RS scheme as
Substituting C OPS sid from (28) into (31) gives
which is further simplified to
where δ = [(2 2R −1)/(γ η)]. Again, noting that random variables |h si | 2 and |h id | 2 are independent exponentially distributed with respective means of σ 2 si and σ 2 id , and denoting |h si | 2 = X and |h id | 2 = Y, we can rewrite (33) as
which is further given by (35) where K1(·) is the first-order modified Bessel function of second kind as given by [44, eq. (8.432.6) ]. So far, we have derived the closed-form outage probability expressions for both the EPS-RS and OPS-RS schemes over Rayleigh fading channels.
IV. DIVERSITY GAIN ANALYSIS
In this section, we present an asymptotic outage probability analysis in the high SNR region to characterize diversity gains of the EPS-RS and OPS-RS schemes. Following [45] and [46] , the diversity gain is defined as a ratio of the logarithm of an outage probability to the logarithm of SNR as the SNR approaches to infinity, namely,
where Pout(γ ) represents an outage probability as a function of the SNR γ .
A. Equal Power-Splitting-Based Relay Selection
This section conducts the diversity analysis of the traditional EPS-RS scheme. From (36), the diversity gain of the EPS-RS scheme can be obtained as
where P EPS out is given by (19) . Substituting 1 from (20) into (19) gives
Proposition 1: Given an exponential random variable x (x > β) with a mean of σ 2 si , the following equation holds with one probability Proof: See the Appendix for details. It is pointed out that the term α/(σ 2 id x) becomes random due to the presence of an exponential random variable x in Proposition 1. Moreover, the expectation of 1/x (x > β) is given by (1/σ 2 si )Ei((β)/(σ 2 si )) that tends to infinity for γ → ∞, resulting in an uncertainty of the convergence of the random term α/(σ 2 id x), which motivates the proof of Proposition 1.
Using Proposition 1, we can obtain P EPS out from (38) as
for γ → ∞. Noting β = [(2(2 2R − 1))/γ ] and using the Taylor expansion for γ → ∞, we can arrive at
where the higher-order infinitesimals are ignored. Combining (39) and (40), we obtain
for γ → ∞. Substituting P EPS out from (41) into (37), the diversity gain of the EPS-RS scheme is given by
which shows that a diversity gain of N is achieved by the traditional EPS-RS scheme.
B. Optimal Power-Splitting-Based Relay Selection
In this section, we analyze the diversity gain of the proposed OPS-RS scheme. From (30) , the diversity of the OPS-RS scheme can be obtained as
where P OPS out is given by (35) . Noting δ = [(2 2R − 1)/(ηγ )] and letting γ → ∞, we can obtain the term [(2 √ δ)/(σ si σ id )] approaching to zero, namely,
Combining (35) and (44), we have
for γ → ∞. Substituting δ = [(2 2R − 1)/ηγ ] into the preceding equation gives
for γ → ∞. Moreover, using the Taylor expansion and ignoring the higher-order infinitesimals, we can obtain
for γ → ∞. Combining (46) and (47), we arrive at
for γ → ∞. Substituting P OPS out from (48) into (43) yields
from which one can observe that the OPS-RS scheme achieves the diversity gain of N, where N is the number of EH relays. As a consequence, as the number of EH relays N increases, the diversity gain of the OPS-RS scheme increases accordingly, demonstrating a significant amount of outage performance improvement achieved through increasing the number of EH relays.
V. EXTENSION TO EHB ENABLED COOPERATIVE RELAY SYSTEMS
In this section, we are focused on an extension of the aforementioned OPS-RS framework to an EHB-enabled cooperative relay scenario, where the EH relays are considered to be equipped with batteries used to store their harvested energies.
A. DF-Based EHB-OPS-RS Scheme
This section proposes an EHB-OPS-RS scheme for DF relay networks, referred to as the DF-based EHB-OPS-RS scheme. Let E s i denotes the energy previously harvested and accumulated in the battery of relay R i , which starts with zero at the very beginning. Moreover, once an EH relay is selected to assist the source-destination transmission, the stored energy in its battery is used to retransmit the source signal. Denoting the energy currently collected at the energy harvester of relay R i for the IR by E c i , we can express the total energy available for the relay R i as
where E c i is given by
From (50) and (51), the transmit power available at the EH relay R i can be expressed as
where P s i represents the power generated from the energy stored at the battery of R i . Meanwhile, similar to (6), the remaining fraction 1 − ρ i of the currently harvested energy at the relay R i is used for the information decoder and the corresponding power is written as
from which the channel capacity from the source to relay R i is given by
where γ = P/N 0 . Moreover, by using (52), the channel capacity from the relay R i to destination is given by
where γ s i = P s i /N 0 . Similar to (24) , an optimal PSR for the DF-based EHB-OPS-RS scheme can be obtained from (54) and (55) as
which leads to
where [x] + = max(x, 0). It can be observed that if no batteries are equipped at the EH relays (i.e., γ s i = 0), the optimal PSR ρ EHB i,DF of (57) for the DF-based EHB-OPS-RS scheme is degraded to that of (27) for the OPS-RS without the battery. Substituting the optimal PSR ρ EHB i,DF from (57) into (54) and (55), we can obtain an overall channel capacity from the source via an EH relay to the destination as
One can see from (57) that an optimal PSR of ρ EHB i,DF = 0 arises given 1 − P s i |h id | 2 /(P|h si | 2 ) < 0, which means that the stored battery power P s i is sufficiently high for retransmitting the source signal without the need of any additionally harvested energy. In this case, all the currently harvested power P|h si | 2 as implied from (53) by substituting ρ EHB i,DF = 0 is used for the information decoder and an extra power of P|h si | 2 /|h id | 2 is exhausted from the battery to ensure that the channel capacity from the source to relay R i is equal to that from the relay R i to destination for maximizing the overall channel capacity from the source via relay R i to destination, namely, C si = C id = (1/2) log(1 + γ |h si | 2 ). Therefore, the remaining battery power of relay R i is obtained as
, it means that all the stored battery power P s i would be exhausted for retransmitting the source signal as implied from (56) and (57), and thus the remaining battery power of relay R i becomes zero for
As a consequence, if the relay R i is chosen to retransmit the source signal to the destination, its remaining battery power is given by
where P max b represents the power generated from the maximal energy that can be stored in the battery of an EH relay due to the battery capacity limit. Otherwise, all the currently harvested energy E c i is accumulated in the EHB of relay R i and the battery power is given by
where ρ i = 1 is used since the relay R i is not chosen to assist the source-destination transmission and no decoding process is necessary at R i in this case, leading to that the total received signal is utilized for EH.
B. AF-Based EHB-OPS-RS Scheme
In this section, we consider the AF protocol for the EH relays and propose an AF-based EHB-OPS-RS scheme. In the AF strategy, the relay R i first divides its received source signal as given by (3) into two fractions ρ i and 1 − ρ i , which are used for the energy harvester and information retransmission, respectively. Similar to (52), the transmit power available at the EH relay R i is given by
where P s i is the power generated from the energy stored at the battery of R i . Then, the EH relay R i forwards the remaining fraction 1−ρ i of its received source signal with a scaling factor G i to the destination at a power of P t i . Thus, the received signal at the destination is written as
from which the corresponding transmit power is given by
Using (61) and (63), we can obtain the scaling factor G i as
where the second approximated equation is obtained in the high SNR region such that (1 − ρ i )|h si | 2 P N 0 holds with a high probability. Combining (62) and (64) yields the received SNR at the destination as
where the parameter f (ρ i ) is given by
Substituting G i from (64) into the preceding equation yields
where a = P s i /(|h si | 2 P) and b = |h id | 2 . Hence, an optimal PSR for the AF-based EHB-OPS-RS scheme can be obtained for the sake of maximizing the received SNR of (65), namely,
which is equivalent to
From (66), the first-order and second-order derivatives of f (ρ i ) with respect to ρ i are obtained as
It can be observed from (70) that the second-order derivative is always positive for any ρ i in the range of 0 ≤ ρ i ≤ 1, implying the existence of a unique optimal PSR ρ EHB i,AF to maximize the received SNR at the destination. Moreover, the optimal PSR ρ EHB i,AF should make the first-order derivative become zero, namely,
from which a closed-form solution to the optimal PSR ρ EHB i,AF is given by
, and b = |h id | 2 . It needs to be pointed out that if no batteries are equipped at the EH relays, namely, P s i = 0, the optimal PSR ρ EHB i,AF of (72) is degraded to 1/(1 + |h id | √ η). Moreover, in the AF-based EHB-OPS-RS scheme, if the EH relay R i is selected to assist the source-destination transmission, all the stored energy of its battery is used for forwarding the source signal and the remaining battery power at R i is given by
Otherwise, all the currently harvested energy is accumulated and the battery power of relay R i is obtained as
which is used for future possible retransmissions of the source signal. Substituting the optimal PSR ρ EHB i,AF from (72) into (65), we can obtain the channel capacity from the source via an EH relay to destination relying on the AF-based EHB-OPS-RS scheme as
which completes the AF-based EHB-OPS-RS scheme.
VI. NUMERICAL RESULTS AND DISCUSSION
In this section, we present numerical outage probability results of the EPS-RS and OPS-RS as well as the AF-and DF-based EHB-OPS-RS schemes. Following [26] and [27] , the average channel gains of σ 2 si = σ 2 id = 1 and an energy conversion efficiency of η = 0.5 are assumed in our numerical evaluations. Also, an SNR of γ = 15 dB, a maximal SNR of γ max b = P max b /N 0 = 30 dB generated from the battery of an EH relay due to the battery capacity limit, a data rate of R = 1 bit/s/Hz, and the number of EH relays N = 6 are considered, unless otherwise stated. It is pointed out that the AF-based EHB-OPS-RS scheme can be regarded as a variation of the AF-based joint PS and relay selection framework designed in [40] and [41] originally for two-way relay networks. Fig. 3 shows the theoretical and simulated outage probabilities versus PSR ρ of the traditional PS-based relay selection (TPS-RS) [32] and proposed OPS-RS schemes with γ = 15 dB, R = 1 bit/s/Hz, η = 0.5, and N = 6. In Fig. 3 , the PSR of the TPS-RS scheme varies in the interval of [0, 1], while an optimized PSR as given by (27) is utilized in the proposed OPS-RS scheme. It is shown from Fig. 3 that with an increasing PSR, the outage probability of TPS-RS decreases first and then increases, demonstrating that a tradeoff exists between the transmission energy and decoding energy. In other words, a minimized outage probability can be achieved for the TPS-RS scheme through an optimization of the PSR. One can also see from Fig. 3 that even the minimized outage probability of TPS-RS with an optimized PSR is much higher than the outage probability of proposed OPS-RS, showing the outage advantage of our scheme. This is because that the PSR optimization of TPS-RS in terms of minimizing the outage probability only utilizes statistical CSI of h si and h id , whereas an instantaneous CSI h id is employed in the proposed OPS-RS scheme as implied from (27) . In addition, the theoretical and simulated outage probability results of Fig. 3 match well with each other, validating our outage probability analysis. Fig. 4 shows the theoretical and simulated outage probabilities versus energy conversion efficiency η of the EPS-RS and OPS-RS schemes for different data rates of R = 0.5 and 1 bit/s/Hz, where the theoretical outage probabilities of EPS-RS and OPS-RS are obtained by using (23) and (35) and their simulated results are given through Monte-Carlo simulations. It is observed from Fig. 4 that the theoretical outage probability curves match well with the corresponding simulation results, further verifying the correctness of the closed-form outage analysis. Fig. 4 also shows that as the energy conversion efficiency η increases, the outage probabilities of both EPS-RS and OPS-RS decrease accordingly. This is due to the fact that with an increasing η, more energies are converted from received RF signals for powering the retransmission of the source message to the destination, which leads to a lower outage probability. Fig. 5 depicts the outage probability versus SNR of the EPS-RS and OPS-RS schemes for different data rates of R = 0.5 and 1 bit/s/Hz. It can be seen from Fig. 5 that for both cases of R = 0.5 and R = 1 bit/s/Hz, the outage probabilities of EPS-RS and OPS-RS decrease with an increase of SNR, and moreover, the OPS-RS scheme always performs better than the EPS-RS scheme in terms of outage probability. Fig. 5 also demonstrates that the outage probabilities of EPS-RS and OPS-RS increase with an increase of the data rate from In Fig. 6 , we show outage probability versus SNR of the EPS-RS and OPS-RS schemes for different energy conversion efficiencies of η = 0.4 and 0.8. It is observed from Fig. 6 that given an energy conversion efficiency η, the outage probabilities of the EPS-RS and OPS-RS schemes decrease, as the SNR increases from γ = 0 to 20 dB. Also, for both cases of η = 0.4 and 0.8, the proposed OPS-RS scheme outperforms the traditional EPS-RS method in terms of outage probability across the whole SNR region. Moreover, as the energy conversion efficiency increases from η = 0.4 to 0.8, the outage performance of EPS-RS and OPS-RS improves accordingly. the cases of N = 4 and 8, the outage probabilities of EPS-RS and OPS-RS are reduced with an increasing SNR. Moreover, as the number of EH relays increases from N = 4 to 8, the outage performance of both schemes improves significantly. One can also observe from Fig. 7 that given an SNR and the number of EH relays N, the proposed OPS-RS scheme always outperforms the traditional EPS-RS method in terms of the outage probability. Fig. 8 shows the outage probability versus the number of EH relays N of the EPS-RS and OPS-RS schemes for different data rates of R = 0.5 and 1 bit/s/Hz. As seen from Fig. 8 , for both cases of R = 0.5 and 1 bit/s/Hz, the outage probability of the OPS-RS scheme is always better than that of the traditional EPS-RS across the whole region of N, and moreover, the performance advantage of proposed OPS-RS over EPS-RS becomes more significant with an increasing number of EH relays. Additionally, as the number of EH relays N increases, outage probabilities of both EPS-RS and OPS-RS schemes are reduced substantially, implying significant benefits achieved by the joint PS and relay selection in terms of decreasing the outage probability, especially with an increasing number of EH relays.
In Fig. 9 , we provide numerical outage probability comparisons among the EPS-RS and OPS-RS as well as the AFand DF-based EHB-OPS-RS schemes. It is pointed out that the outage probability results of the AF-and DF-based EHB-OPS-RS methods are obtained by using (58) and (75) with the aid of Monte-Carlo simulations. As shown in Fig. 9 , the AF-and DF-based EHB-OPS-RS schemes outperform the EPS-RS and OPS-RS methods in terms of their outage probabilities. This is because in the EPS-RS and OPS-RS schemes, the energies of the relays which have not been selected are just wasted without batteries equipped, which are, however, stored and used for subsequent information transmissions in the AF-and DF-based EHB-OPS-RS schemes, where the batteries are considered in the EH relays. Fig. 9 also shows that the outage probability of the DF-based EHB-OPS-RS is much smaller than that of the DF-based EHB-OPS-RS, implying the outage advantage of the DF protocol over AF strategy. Fig. 10 depicts the outage probability versus the number of EH relays (N) of EPS-RS and OPS-RS as well as the AFand DF-based EHB-OPS-RS schemes. As shown in Fig. 10 , the outage probability performance of the AF-and DF-based EHB-OPS-RS schemes are better than that of the OPS-RS and EPS-RS methods, further demonstrating the benefit of exploiting the batteries in EH relays for reducing the outage probability of cooperative EH relay communications. One can also observe from Fig. 10 that the DF-based EHB-OPS-RS substantially outperforms the AF-based EHB-OPS-RS in terms of the outage probability. Moreover, the outage advantage of the DF-based EHB-OPS-RS over the AF-based EHB-OPS-RS becomes more significant, as the number of EH relays increases.
VII. CONCLUSION
In this article, we investigated the joint PS and relay selection for an EH relay network consisting of a source, a destination, and multiple relays that are capable of harvesting energies from their received radio signals. We proposed an OPS-RS framework, where a closed-form optimal PSR was obtained and an opportunistic relay selection strategy was presented. Also, the traditional EPS-RS was considered for comparison purposes. We derived closed-form outage probability expressions for both OPS-RS and EPS-RS, based on which their diversity gains are characterized through an asymptotic outage analysis in the high SNR region. The proposed OPS-RS framework was further extended to an EHB-enabled cooperative relay scenario, where an AF-based EHB-OPS-RS scheme and a DF-based EHB-OPS-RS scheme are proposed for AF and DF relay networks, respectively. Numerical results showed that the outage performance of the proposed OPS-RS is better than the traditional EPS-RS, and moreover, the AF-and DF-based EHB-OPS-RS schemes both perform better than the OPS-RS and EPS-RS methods in terms of the outage probability. Additionally, as the number of EH relays increases, the outage probabilities of the AF-and DF-based EHB-OPS-RS schemes both decrease, but an outage improvement of the DFbased EHB-OPS-RS is much more significant than that of the AF-based EHB-EPS-RS. In other words, the outage advantage of the DF-based EHB-OPS-RS over AF-based EHB-OPS-RS becomes more substantial with an increasing number of EH relays.
APPENDIX PROOF OF PROPOSITION 1
Given an exponential random variable of x with a mean of σ 2 si and denoting (α/σ 2 id x) = z, we can obtain an expected value of z as
where Ei(x) = 
Combining (77) 
Combining (84) and (89), the variance of z can be obtained as
for γ → ∞.
As shown in (84) and (90), as the SNR γ goes to infinity, both mean and variance of the random variable z approach to zero. This means that the random variable z approaches to zero for γ → ∞. Therefore, noting [(α)/(σ 2 id x)] = z and considering γ → ∞, we can obtain α σ 2 id x = 0 (91) which completes the proof of Proposition 1.
